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Background 47
The human disease onchocerciasis, caused by the filarial nematode Onchocerca 48 volvulus, remains a significant public health problem in Sub-Saharan Africa. The 49 immunopathology associated with the disease, which includes dermatitis and keratitis, 50 has been linked to a Wolbachia endosymbiont that is immunologically recognised by 51 the host upon the death of microfilaria [1, 2, 3]. Evidence of this includes the 52 initiation of keratitis by Wolbachia antigens in a murine model [1] , and a significantly 53 higher proportion of Wolbachia DNA in the sera from patients following treatment 54 with either diethyl carbamazine or ivermectin [3] . The association between Wolbachia 55 and pathology has been extended to suggest that Wolbachia density in adult worms is 56 positively correlated with the incidence of blindness [4] . This hypothesis was based 57 on measurements that compared Wolbachia copy number from "forest ecotype" and 58 "savannah ecotype" O. volvulus that are associated with low blindness rates and low 59
Wolbachia density, or higher blindness and higher Wolbachia densities, respectively. 60 However, using larger and geographically diverse cohort of adult O. volvulus 61 samples, we recently demonstrated using qPCR that the Wolbachia copy number 62 ranges over one thousand fold in adult worms, and differs within and between 63 sampling locations independent of the "forest" and "savannah" ecotype [5]. These 64 results, therefore, did not support the original hypothesis that Wolbachia copy number 65 in adult worms is associated with ocular pathology. 66 67 Much of the evidence supporting a leading role for Wolbachia as a driver of 68 onchocerciasis pathology comes from in vitro experiments using adult worm extracts. 69
However, both the chronic inflammation of the skin and eyes and the acute Mazzotti 70 reaction pathology are due to release of material from dying microfilaria. Any 71 4 correlation between Wolbachia and pathology (including a correlation with 72
Wolbachia density) must, therefore, be supported by appropriate data on microfilarial 73
Wolbachia. We report here a comparison of Wolbachia density, measured by qPCR, 74 in skin microfilaria, infective larvae and adult parasites, and show that the density in 75 skin microfilaria is low and relatively constant, in contrast to a higher and more 76 variable Wolbachia density in adult worms. This observation further supports a view 77 that variation in pathology is unlikely to be influenced strongly by variation in 78
Wolbachia density in adult worms. 79 80
Results

81
The life-stage-specific distribution of Wolbachia copy numbers in field isolates of O. 82 volvulus is presented in Figure 1 . The Mf and larval stages were characterised by 83 relatively low Wolbachia copy numbers ratios and low variation between samples. 84
The median Wolbachia copy number ratio for Mf was 0.18 (range = 0.07 to 0.54; 85 Table 1 ), whereas the median for the L1 stage was 0.15 (range = 0.04 to 0.53; Table  86 1). With regards to the infective larval stage, the median Wolbachia copy number 87 ratio was 0.35 (range = 0.04 to 0.89; Table 1 ). Pairwise Wilcoxon rank sum tests 88 between life cycle stages (Table 2) showed no significant differences in the 89 distribution of Wolbachia copy number ratios between the Mf and the iL3 stages (P = 90 0.1705); Mf and L1 stages (P = 0.7047); and the L1 and iL3 stages (P = 0.3286). 91
There was a significant increase in the median Wolbachia copy number from the iL3 92 stage to the adult stage for both males (approximately 18-fold increase; Figure 1 ; 93 Table 2 ; P = 0.0035), and females (about 15-fold increase; Figure 1 ; Table 2 ; P = 94 0.0015), although the distributions of copy number overlapped across all life stages 95 (i.e. Table 1 : the upper limits of the copy number range for the larval stages 96 5 overlapping with the lower limits of the copy number range for the adult stages). The 97 median Wolbachia copy number ratios were similar between adult male and female 98 O. volvulus isolates ( Figure 1 ; Table 2 ; P = 0.8315), and their distributions did not 99 differ stochastically based on a Wilcoxon rank sum test (or Mann-Witney U test; 100 In this study, we compared the relative copy number and heterogeneity of Wolbachia and bacteria is metabolic [10, 11, 12], then this range implies either that adult worms 142 can tolerate very variable levels of the metabolites they obtain from the bacteria 143 without deleterious perturbation of their metabolism, or, that the metabolic rates of 144 adult worms is variable. In the latter case (variation in adult worm metabolic rate), 145
and Wolbachia density is coupled strongly to the adults' metabolic rate, then variation 146 7 in Wolbachia density implies that the bacteria are able to respond dynamically to the 147 worms' demand for metabolites. Preliminary genome wide association analysis of the 148
Wolbachia and the worm nuclear genome did not reveal any obvious association of 149 particular worm or bacterial genomes with high or low density, suggesting that the 150 ratio of Wolbachia to nuclear genomes is not a genetically determined trait (Hedtke & 151 Doyle, unpublished) . 
